Objective: The aim of this study was to construct an in vivo carotid siphon model for testing neurovascular devices for endovascular interventions. Methods: A model of a human carotid siphon was pre-shaped using a glass tube from a human cadaver and used to confine a segment of one side of the common carotid artery (CCA) in canines. This segment of CCA with the glass carotid siphon on was interposed end-to-end onto the contralateral CCA so as to simulate a human carotid artery siphon in vivo. Two weeks later, the siphon model was evaluated using computed tomography angiography and digital subtraction angiography, and the covered stent specially designed for intracranial vasculature was navigated through the siphon model for a longitudinal flexibility test. Results: All dogs tolerated the procedures well, and the artificial siphon model in vivo provided realistic conditions for device testing. Two weeks later, the in vivo carotid siphon model remained patent with no thrombosis. Five covered stents were navigated to pass through five siphon models successfully, with vasospasm occurring in two siphons. Conclusion: Construction of an in vivo siphon model in dogs with a glass tube is feasible and useful for the test of endovascular devices for treating neurovascular diseases.
Introduction
The development of reliable models of normal and pathological cerebral circulation is mandatory for in vivo research activities such as haemodynamics studies and the evaluation of new endovascular devices such as covered stents. As cerebrovascular diseases are increasingly being treated with the use of endovascular approaches, one of the important factors limiting the application of endovascular devices in the intracranial vasculature is access, and a significant obstacle to intracranial vascular navigation is the carotid siphon. 1, 2 This study describes a new approach to create a canine model of the human carotid siphon for the test of longitudinal flexibility of covered stents specially designed for the intracranial vasculature in the navigation through the carotid siphon model.
Materials and methods

Pre-constructed carotid siphon model made from a glass tube
The pre-shaped carotid siphon models were simplified transparent glass tubes ( Figure 1 ) forming an S curve in order to simulate the human carotid siphon segment. The siphon model had two bends, with each bend having a 10 mm radius. This pre-shaped glass siphon model could confine the canine common carotid artery (CCA) in order to simulate the C3-C6 segments (corresponding to the human carotid siphon) of the carotid artery.
Surgical construction
This study protocol was approved by the animal care and ethics committee of our hospital. The in vivo carotid siphon model was surgically created in five one-year-old greyhound dogs of both sexes weighing Figure 2 ). The model construction was approved by the Committee on Animal Care and Management at the university in accordance with the guidelines of animal care. All animals were maintained on a standard laboratory diet, with their physical conditions monitored daily. Following an overnight fast, the animals were sedated with atropine (0.04 mg/kg intramuscularly [i.m.]), azaperone (4 mg/kg i.m.), ketamine (25 mg/kg i.m.) and thiopental (20 mg/kg i.m.). On endotracheal intubation, the animals were ventilated and remained anesthetised with 1.5-2.0% isoflurane. Postoperative analgesia was ensured with buprenorphine (0.01 mg/kg i.m.).
Under sterile conditions, a 10 cm midline incision of the canine anterior neck was performed. Both CCAs were exposed and isolated, each approximately 10 cm in length, and self-retaining retractors were used to facilitate exposure. The right CCA was ligated both proximally and distally, and an 8 cm segment was resected between the ligated locations. Following trimming of both ends of the arterial segment, it was placed in saline solution containing heparin, and intraluminal blood in the harvested arterial segment was thoroughly irrigated with heparinised saline. Then, the arterial segment was passed through the sterilised pre-constructed glass carotid siphon model. After the left CCA was temporarily occluded using two atraumatic vascular clamps both distally and proximally, it was cut between the two clamps. The arterial segment with the glass siphon model on was interposed end-to-end onto the left CCA using continuous 7-0 Prolene sutures so as to simulate a human carotid artery siphon (Figures 2 and  3 ). Finally, a layered wound closure was performed.
Angiographic assessment of the siphon model and longitudinal flexibility test of the covered stent
Under general anaesthesia, computed tomography angiography (CTA; Figure 3 ) and selective carotid digital subtraction angiography (DSA) were performed at two weeks post procedure in all canines whose right femoral arteries were punctured for the insertion of a 6-F sheath for selective angiography. The patency and the morphology of the carotid siphon models were evaluated, and the longitudinal flexibility of a covered stent specially designed for use in the intracranial vasculature was tested in the siphon model (Figure 4 ). With a 6-F guiding catheter located in the left CCA 2-3 cm below the siphon model, a 0.014-inch microguidewire (Transcend, Boston Scientific, Fremont, CA) was navigated beyond the siphon model, and the balloonexpendable covered stent (4.0 mm Â 13 mm) specially developed for intracranial use was sent along the guidewire through the carotid siphon model four times to check whether there was any difficulty in passing the stent through the model. Then, the covered stents were deployed in the CCA above the siphon model. Only one device per model was tested, and none of the testing lasted longer than 20 minutes. Device performance was evaluated using the capacity of the device to reach beyond the siphon, and the capacity to navigate through the siphon model was graded as successful, difficult or impossible.
Results
All canines tolerated the general anaesthesia and surgical construction. The average time for surgical construction of the model was 90 minutes, and none of the dogs died as a result of the surgical construction and angiography. After construction of the in vivo carotid siphon model, no neurological deficits secondary to the procedure were noted in any canines. Evaluation of the models by two neuro-interventionists through CTA and angiography ( Figure 3 ) revealed good compliance in morphological characteristics to the human carotid siphon geometry. Stenosis of the anastomotic stoma occurred in two siphon models, and no thrombosis was found in the siphon model. All models remained patent upon post-procedural angiography at two weeks.
During the test of the longitudinal flexibility of the above-covered stents, each stent together with its delivery system successfully passed through the carotid siphon model four times and was deployed in the CCA above the siphon model. In two dog siphon models, the navigation of the covered stent through the model resulted in the vasospasm of the CCA (Figure 5 ), which did not cause any great difficulty for the navigation of the covered stent and its delivery system. No injury to the endovascular membrane or vascular dissection caused by the navigation was noted in the DSA.
Discussion
In this study, an in vivo carotid siphon model was successfully created in the CCA of canines, and the Originally, an additional prominence on the glass model was made in order to contain a venous aneurysm made from the right external jugular venous pouch. The idea of containing an aneurysm was later discarded because it was difficult to make a venous aneurysm sizeable for a cavity of this prominence.
longitudinal flexibility of covered stents was tested with good results.
The intracranial vessels are quite different from the coronary ones in many aspects. 3 The muscle layer of the tunica media of intracranial arteries is thinner, and the vessels are more fragile and prone to rupture and dissection. The tortuosity of the carotid siphon can hinder the navigation of any device such as a balloon-mounted covered stent to the anterior and middle cerebral arteries. The proximal and distal extent of the carotid siphon, unlike the intracranial arteries within the subarachnoid space, is largely constrained by bony and dural structures which limit the access of endovascular devices to the intracranial circulation. Therefore, stents specifically designed for coronary use may not meet the exact requirements of intracranial vessels, and newly developed stents must be tested for the navigation through tortuous vessels such as the carotid siphon to the intracranial circulation.
Up to now, in vitro models, including mathematical and cadaveric ones, have been designed to evaluate endovascular devices. [4] [5] [6] [7] However, these models lack the vessel viscoelastic properties and biological responses and cannot be used to evaluate the host biological response to implantation of endovascular devices. In vivo models have also been made, 1 and these models are invaluable for assessing new materials or devices before considering a human application, because, compared with ex vivo ones, they own some unique characteristics of pulsatile blood flow and vascular responses, including vasospasm, endothelial injury and neo-intimal formation. Although these models resemble the morphology of the human siphon, they do not have surrounding bony and dural structures. 1 In our study, an in vitro glass model of the carotid siphon was pre-shaped, and when it was used to confine the CCA, it simulated not only the curvature of the carotid siphon, but also the surrounding bony and dural structures. Without the confinement of the external glass tube, the navigation of an endovascular device such as a covered stent may have a straightening effect on the curved siphon model and induce kinks in it.
We selected adult greyhound canines in the study for several reasons. Greyhound dogs have a long CCA (10-12 cm) with a constant diameter of 4-5 mm from the proximal end to the distal end, 8 and the CCA can provide sufficient length for the construction of the carotid siphon model. The diameter of the dog CCA is comparable to that of human internal carotid artery, which makes the test of endovascular devices on the dog model in a more realistic setting more suitable. The blood supply of the canine central nervous system is obtained almost entirely through the vertebrobasilar system, and there exist anastomoses between each network of internal carotid artery, the external carotid artery and the vertebral artery. Therefore, long-term occlusion of the dog bilateral CCA during surgical construction will not affect the brain blood flow. 9 In summary, an in vivo carotid siphon model in dogs was successfully constructed by using a pre-shaped siphon model of a glass tube, and it can be used to test endovascular devices for the neuro-interventional treatment of cerebrovascular diseases.
